Abstract. The research was carried out in the mechanical and biological wastewater treatment plant of the city of Prószków in Poland. There is a demand for heat for hot tap water, heating and technological purposes. There is no gas network in the town, therefore it is necessary either to install solid fuel boiler or electrical equipment to generate heat. Instead, a system based on a heat pump (HP) was proposed, which is a pro-ecological and proeconomical alternative. The research involved the measurements necessary to develop energy balances and collection of local climate data. As a result, possible heat from sewage was determined for an exemplary heating season. For the assumed calculation conditions, the maximum amount of heat is 346 kW of which 98% will be used for heating up the sequential biological reactor (SBR) and 2% will be used for social needs. The current SBR temperature in the winter period is 8°C, which significantly limits the process of biological treatment. The optimum temperature range of sewage in SBR is 15-25°C. Based on the collected data, the concept of a HP-based system for generating heat was developed to maintain the optimum temperature. Sewage is a very effective heat source for the HP. This ensures the highest coefficient of performance (COP).
Introduction
A large generation of waste energy per capita, classifies waste management (WM) as one of the core issues in sustainable development of EU regions [1] . Wastewater is an important source of energy [2] . One of the possibilities and necessities in sustainable development is recovering this energy in the form of heat from waste sources. The energy contained in sewage is often neglected part of energy losses in residential buildings, yet it is not used and goes to sewage systems. It is estimated that we have to consume up to 20% of all energy used in the household for preparing domestic hot water, of which more than half of the energy is lost in wastewater [3] .
The average annual sewage temperature, which varies between 30°C and 35°C, is attributed to wastewater generated in households [4] . However, this is the temperature that wastewater characterizes at the time of their formation. During the flow to the sewage treatment plant, their temperature decreases significantly. This is strictly dependent on the size of the sewer system and collectors, but also the flow rate. Ultimately, the average temperature that sewage has on the inflow to the treatment plant varies between 11-12°C [5] . This applies to all sewage, such as gray sewage, i.e. generated during the use of showers, bathtubs, washing machines as well as municipal and industrial sewage. Therefore, heat exchangers and heat pumps are an indispensable element of a heat recovery systems, which allow easy collection of such waste energy.
The mechanism for converting this energy takes place in a multiphase systems in wastewater and in a systems inside the HP. Currently, many studies are carried out to increase the efficiency of these processes and intensify the collection of heat from heat exchangers [12] [13] [14] [15] .
In the presented work, the authors show the possibilities of obtaining heat by means of a heat pump from wastewater in the sewage treatment plant of the town of Prószków in the south-west region of Poland.
Problem definition
The key problem in the analyzed sewage treatment plant is the improvement of the reduction of biological oxygen demand (BOD), chemical oxygen demand (COD), Norg, NNH4 and P indicators in the treated wastewater, which is required in the Polish legal water permit. This effect can be achieved by raising the temperature in SBR. In addition, there is a need to create heat for social services (hot tap water and space heating).
There is no gas network in the city of Prószków. This means that for the production of heat for the needs of hot tap water, space heating and technology, it is necessary to make either a solid fuel boiler or the use of electrical equipment. In the case of a boiler, there is the problem of an additional technical room in which the boiler, fuel storage space and additional full-time service related to the boiler operation will be placed. The second solution offers simple electrical heaters as well as service but at high price of electricity. In the case of heat generation from electricity, heat pumps (HP) are more effective than electrical heaters or electric furnaces.
Due to the fact that 98% of the heat demand is covered by the technology process, the most important aspect of the heat recovery system is the optimal location of the HP heat source. Incorrectly located exchanger in the technological system of the treatment plant will cause deterioration of the biological wastewater treatment process. Also, the sewage itself as a multiphase medium can generate problems in the operation of the exchanger and, as a result, limit the heat exchange process [16] . 9. Cleaning ponds -wastewater conditioning and discharge to the receiver (cleaning of suspended matter, phosphorus and nitrogen compounds). 10. Draining of treated wastewater to the receiver ditch, through measuring wells to the "Prószkowski Potok" natural brook. 11. Excess sludge to the Aerobic Sludge Stabilization Chamber (ASSC). 12. Mechanical sludge dewatering on a belt press. 13. Hygienisation and transfer of dehydrated and stagnant sludge for agricultural use. 14. Effluent from press is returned to the pumping station and mixed with mechanically treated sewage. 15. Technological pumping station -purified wastewater for the plant equipment cleaning.
Measurement setup

Results
The result of the work is the concept of a system used to generate heat for the needs of hot tap water, space heating for a social-laboratory building and technology processing heat based on a heat pump (HP). The following information was collected and recorded for the preparation of balances and studies: climatic data for the city of Prószków, incoming raw sewage flux, excess sediment flow, sewage well temperature, grate temperature, SBR temperature, excess silt precipitate from ASSC, hot water consumption, number of employees and indoor temperature in the building.
The HP heat source heat exchanger is located in the wastewater. To determine the power of the HP and the size of the exchanger, the heat demand for individual targets and heat recoverable from wastewater was determined. Thermal needs were determined at the level of:
 The heat demand (QH,nd) for heating the social and laboratory building with an area of 40 m 2 was estimated at 4849.7 kWh/a. However peak demand for heating power, ̇ℎ _ max ℎ = 4.8 kW. Momentary heating power demand is determined from equation (1) .
where: tin -required internal temperature, tout(τ) -instantaneous outside temperature, tout_min -computational outside temperature (zone 3 in Poland tout_min = -20°C).
 Average heating power ̇ℎ _ ℎ for the hot tap water was estimated at the 0.4 kW level.
 Unit heating power demand for technology, ̇ℎ _ in the SRC, was estimated at 21.53 kW (for heating 148m 3 of sewage by 1°C). In the SBR reactors (Figure 2 ), there is a close relationship between the effectiveness of biogen removal and the temperature of the treated wastewater [3, 18] . In Polish legislation, the minimum temperature for the nitrification process is 12°C [20] . For the biological wastewater treatment process, it is also important to limit temperature fluctuations and keep it constant [21] . The optimum temperature of sewage in the SBR should be 15-25°C [22] . Equation (2) was derived from the data shown in Figure 3 and represents the dependence of the sewage temperature in the SBR (tSBR) to the outdoor air temperature (tout(τ)).
= 0.0348 • ( ) + 8.5296
Initially in the case of tout_min = -20°C the sewage in SBR has a temperature of tSBR = 7.9°C. This means that the sewage needs to be heated to reach the optimum temperature range by a 7.1-17.1°C. For this purpose the technological thermal power ̇ℎ _ is needed in the range of 152.9-368.2 kW. Total peak heating power demand ̇ℎ _ for heating, hot tap water and technology is in the range of 157.7-373.0 kW.
In order to maintain the limits of biochemical indicators from the Polish water permit, the appropriate temperature in SBR should be reached. Currently, there are significant overshoots which means the need to use a higher temperature in the reactor. For this purpose, it was proposed to obtain heat from the following places: a) Raw sewage in the collecting well, (Figure 4a , and ̇ℎ _1 in Table 1 ), b) Aerobic sludge stabilization chamber (ASSC), (Figure 4b , and ̇ℎ _2 in Table 1 In the first location (Figure 4a ), due to the fact that the raw sewage cools down in the mechanical part, the optimal solution is to cool them to the limit temperature. The limit temperature value of raw wastewater was determined at 3°C. In this solution, the maximum thermal power that can be obtained is 209.6 kW, which can be used to heat the sewage by 9.7°C, and the temperature in the reactor is set at 16.8°C. In this way, heat losses will be limited and at this temperature the wastewater does not freeze before reaching the reactor retention tank.
The second location is the aerobic sludge stabilization chamber (ASSC) (Figure 4b) , with a volume of 575 m 3 , which surrounds the main chamber of the SBR. Due to the fact that this chamber is open and exposed to direct external conditions, there are large heat losses. The average flow rate of the hydrated excess sludge in the analyzed period was 23.5 m 3 /d. With the existing system, for an outdoor air temperature tout ≤ -11.4°C, the temperature of the hydrated sludge drops below 4°C and it is not possible to recover the heat. When the outdoor temperature is higher than the temperature of the sewage in SBR then there are heat gains from the surroundings into the ASSC. For the highest ambient temperature observed in the tests (tout = 35.5°C), the possible thermal power recovering is up to 7.8 kW. If supplied sewage is heated before entering the SBR and the ASSC is insulated then, for example, at tout = -20°C and tSBR = 16.8°C it will be possible to obtain 11.2 kW of thermal power. Another example is for tout = 35.5°C and tSBR = 16.8°C, recovered thermal power is up to 15.8 kW.
The third location is the cleaning ponds (Figure 4c) , with a volume of 1441 m 3 and a total area of 1320 m 2 . The average sewage flow rate through the ponds in the analyzed period was 448.6 m 3 /d. Due to the large surface area of contact with the environment, the greatest instabilities of the heat losses and gains occur here. With the existing system, for an outdoor air temperature tout ≤ -10.0°C, the temperature of the treated wastewater drops below 4°C and the heat losses are so high that it is not possible to recover the heat. However at high outdoor air temperatures and high solar irradiation, for example at tout = 35.5°C, the thermal power to be recovered is up to 270.8 kW. If supplied sewage is heated before entering the SBR, for example, at tout = -18.1°C and tSBR = 16.8°C it will be possible to obtain 2.1 kW of thermal power. Another example is for tout = 35.5°C and tSBR = 16.8°C, recovered thermal power is up to 424.2 kW. Each of the locations of discussed heat recovery points requires the use of a different heat exchanger design. In the case of heat recovery from the sewage collecting well (Figure 4a ), it is a good to choose a system with a TubeWin HUBER heat exchanger. This device does not require a large space for installation, directly directing pre-treated wastewater to the compact heat exchanger RoWin [23] . Another solution is the various types of inserts or claddings submerged into the sewerage collector, and the required efficiency is achieved by increasing the contact surface [24, 25] .
The heat recovery from the ASSC (Figure 4b ) requires, due to the hydrated sediment, a special construction resistant to strong muddy pollution. In this case, a membrane collector, made of flexible membrane exchangers can be used [26] .
The simplest and the cheapest solution can be used in the case of cleaning ponds ( Figure  4c ). In this case, the exchanger is in the form of coils made of polyethylene pipes arranged on the bottom of ponds, filled with an aqueous glycol solution and laden with prefabricated concrete elements [27] .
Depending on the process requirements in the discussed solution, the heat obtained from the indicated places will be transferred to the heat sink. The optimal heat sink is SRC to which the heat will be delivered by means of a HP. Heat will be transferred to the SRC by heat exchanger made of PE pipe coils mounted on racks fixed inside SRC walls [28] . In addition, a similar structure can be placed in the SBR for temperature stabilization. Its operation is particularly efficient due to the use of aeration, which significantly intensifies heat exchange. Additionally, it is necessary to insulate the SBR together with the SRC and ASSC as well as possible. Because the reservoir is entirely located above the surface, and its construction is made of reinforced concrete walls with a thickness of 0.2 m, it is exposed to atmospheric conditions. In the case of concrete walls, it is enough to use any technology of insulation systems. To minimize heat losses from the reactor, it should also be covered and insulated from above. For this purpose, it is possible to use special containment dome, which will additionally reduce the emission of unpleasant odors from the SBR [29] . As a result of the measurements and calculations carried out, the total annual heating power demand was determined for technological and social-living purposes. For the analyzed period, the hourly outdoor temperatures were in the range of -9.9-35.5ºC. The Figure 5 shows the ordered chart of total demand of thermal power for temperature limits in SBR (15-25ºC). On this basis, the selection of HP heating power should be in the range of 152-369 kW.
Conclusions
On the basis of the conducted analysis, the possibilities of obtaining heat by means of a HP from the wastewater in a sewage treatment plant were determined. The use of a HP was justified, especially for the needs of technology, which is 98% of total heating power demand. Sewage is a very efficient source of heat for the HP. It was found that the HP heat exchanger can be placed in the raw sewage collector, ASSC or cleaning ponds. The simplest and the cheapest solution is placement the heat exchanger in the cleaning ponds. However, the highest thermal power is available from raw sewage collector. Assuming that the wastewater is cooled to 4°C, with the computational outside air temperature of -20°C, the highest required HP thermal power should be included in the values of 165-380 kW. Usage of waterwater HP for this purpose is recommended. This type of HP is characterized by high COP up to about 5.5, which gives multiple surpluses of available thermal power. The proposed solution completely meets the set goals. Good choice is HP with constant thermal power. Required thermal power can be obtained by combining the HPs in a cascade. In considered case, sewage in SBR should be heated not higher than 25°C, which will improve the COP indicator.
